We have identified a zebrafish homolog of the F3/F11/contactin (F3) recognition molecule. The gene shares 55% amino acid identity with F3 molecules in other vertebrates. Expression of F3 mRNA is first detectable at 16 h post-fertilization (hpf) in trigeminal and Rohon-Beard neurons. At 18-24 hpf, additional weaker expression is present in discrete cell clusters in the hindbrain, in the anterior lateral line/acoustic ganglion and in spinal motor neurons. Transcription factors of the LIM homeodomain class (LIM-HD) and their associated cofactors CLIM/ NLI/Ldb (CLIM) have been implicated in the development of peripheral axons of trigeminal and Rohon-Beard neurons. We demonstrate that ectopic overexpression of a dominant-negative CLIM molecule early during zebrafish development strongly reduces expression of F3 mRNA in these neurons indicating regulation of F3 by the LIM-HD protein network. These results and the spatiotemporal correlation of F3 expression with axonal differentiation in a subset of primary neurons suggest an important role of F3 for axon growth. q
Results and discussion
F3/F11/contactin (F3), a member of the immunoglobulin (Ig)-superfamily of cell recognition molecules, is expressed on axons and glia (Ranscht, 1988; Brümmendorf et al., 1989; Gennarini et al., 1989) . It is tethered to the cell membrane by a glycosylphosphatidylinositol (GPI)-anchor, binds to tenascins and is involved in neurite outgrowth in vitro (Zisch et al., 1992; Pesheva et al., 1993; Volkmer et al., 1998) . Gene deletion studies in mice indicate roles of F3 in axon growth (Berglund et al., 1999) and myelination (Boyle et al., 2001) in vivo. In an effort to better understand the role and regulation of recognition molecules of the Ig-superfamily in early axon outgrowth, we cloned an F3 homolog in zebrafish, a vertebrate model in which growth of primary axons is readily accessible to analysis (Baier et al., 1996) .
A zebrafish homolog of F3 was cloned based on an expressed sequence tag (EST) that was completed by rapid amplification of cDNA ends (RACE). The presence of a signal peptide at the N-terminus of the deduced protein and a stop codon preceding the open reading frame confirmed that the coding sequence of 3099 base pairs was complete. Sequence comparison with F3 genes of other vertebrates indicated an amino acid identity of 55% (Table 1) , which is well in the range for homologous recognition molecules of the Ig-superfamily (see Tongiorgi et al., 1995; Challa et al., 2001; Lee et al., 2001) . Analysis of the deduced amino acid sequence predicted six immunoglobulin-like domains, four fibronectin type III-like domains and a GPI-anchor (Fig. 1) . Based on the amino acid identity and the conserved domain structure of the molecule, we named the gene F3 (GenBank accession no.: AY138255).
Expression of F3 mRNA was analyzed by whole-mount in-situ hybridization in 10-24 hpf embryos. The mRNA was first detectable in the trigeminal ganglion and in RohonBeard neurons at 16 hpf ( Fig. 2A,B) . At 18-24 hpf, labeling of F3 mRNA was strongest in these cell types ( Fig. 2C-E) . Moderate expression was additionally found in a group of cells contiguous with the rostral edge of the otic vesicle (Fig. 2C, D) . These cells probably represent the anterior lateral line/acoustic ganglion. Other cranial ganglia were not labeled. In the hindbrain, at least six discrete clusters of cells were weakly labeled by the F3 probe. These clusters are probably differentiating projection neurons. A group of cells in the tegmentum, probably corresponding to the nucleus of the medial longitudinal fascicle, and cells in the dorsal diencephalon were lightly labeled. More anterior expression domains were not detected. In the trunk, motor neurons at the ventral edge of the spinal cord expressed low levels of F3 mRNA in addition to the intensely labeled Rohon-Beard neurons in the most dorsal aspect of the spinal cord (Fig. 2E ). Control hybridizations with an F3 sense probe yielded no signal (Fig. 2F) . No F3 mRNA labeling was detected outside the nervous system.
The identity of neuronal cell types expressing F3 mRNA was confirmed by double labeling of their characteristic axons with anti-tubulin antibodies in 24 hpf embryos (Fig. 3) . F3 mRNA positive neurons in the trigeminal ganglion had axons growing into the epidermis (Fig. 3A) . F3 mRNA expressing Rohon-Beard neurons were situated dorsal to the dorsal longitudinal fascicle (dlf) and had central axons joining the dlf (Fig. 3B) . Primary motor neurons in the trunk were identified by their axons growing out of the ventral spinal cord (Fig. 3B,  inset) .
The temporal sequence of F3 mRNA expression in different cell types appears to coincide with axonogenesis, since trigeminal and Rohon-Beard neurons, which are the first to express F3 mRNA at 16 hpf, are also the first to grow out axons (Wilson et al., 1990; Ross et al., 1992) . They are later followed by other cell types, e.g. trunk motor neurons at 17-19 hpf (Myers et al., 1986) . However, F3 is not a general marker of neurons undergoing axonogenesis, because for instance the posterior lateral line ganglion, which was not labeled by the F3 probe, also shows axon growth at 24 hpf (Becker et al., 2001) .
The pattern of F3 mRNA expression is reminiscent of that of antibody labeling of LIM-domain transcription factors of the isl type and LIM-domain binding CLIM cofactors (for review see Bach, 2000) . Immunoreactivity for isl transcription factors is strong in the trigeminal ganglion and in Rohon-Beard neurons and weaker in trunk motor neurons and the anterior lateral line/acoustic ganglion (Korzh et al., 1993; Becker et al., 2002) . CLIM cofactor immunoreactivity is particularly strong in trigeminal and Rohon-Beard neurons and there is a widespread low level immunoreactivity throughout the nervous system (Becker et al., 2002) . To investigate whether F3 is a downstream target of CLIMdependent gene regulation, we overexpressed a truncated CLIM that acts in a dominant-negative fashion (DN-CLIM; Bach et al., 1997 Bach et al., , 1999 Ostendorff et al., 2002) . DN-CLIM still contains the LIM interaction domain, but not the dimerization domain. Overexpression of DN-CLIM probably interferes with LIM domain binding of all four known zebrafish CLIMs, since the LIM interaction domain is almost identical between the CLIMs of zebrafish and those in other vertebrates (Toyama et al., 1998) . It was recently shown by us (Becker et al., 2002) and others (Segawa et al., 2001 ) that the overexpression of DN-CLIM leads to specific neuronal defects in embryonic zebrafish. Eyes are missing and trigeminal, Rohon-Beard and trunk motor neurons lose their peripheral axons. Notably, neuronal cell bodies of trigeminal, Rohon-Beard and spinal motor neurons along with the central axonal projections of the trigeminal ganglion and the Rohon-Beard neurons are spared in experimental embryos. These phenotypes parallel those observed in gene deletion studies of LIM homeodomain transcription factors (reviewed in Bach, 2000; Hobert and Westphal, 2000) .
We performed in situ hybridizations for F3 mRNA in DN-CLIM mRNA injected embryos and compared expression to that in wild-type embryos at 24 hpf. As a further control, we also analyzed mRNA expression of L1.1 and L1.2 in DN-CLIM-injected and wild-type embryos. L1.1 and L1.2, which are expressed in most differentiating neurons, are two molecules of the Ig-superfamily of recognition molecules related to F3 (Tongiorgi et al., 1995) . As an indication that the injection of DN-CLIM mRNA was successful, only those embryos that lacked eyes were analyzed. In the trigeminal ganglion and in Rohon-Beard neurons, the number of cells expressing F3 mRNA as well as the labeling intensity in the remaining cells was strongly reduced compared to wild-type embryos (Fig. 4) . In the trigeminal ganglion, the mean number of cells expressing F3 mRNA was reduced to 38% of that observed in wild-type embryos (Fig. 4A , B, G; DN-CLIM: 6.8^1.36 SEM cells per embryo, n ¼ 13 embryos; wild type: 17.6^1.33 SEM, n ¼ 9 embryos; Mann-Whitney U, P ¼ 0:0003). The number of L1.1-and L1.2-mRNA expressing cells was also significantly reduced, but to a lower degree, to 62% for L1.1 ( Fig. 4G ; DN-CLIM: 13.6^1.46 SEM cells per embryo, n ¼ 7 embryos; wild type: 22.0^1.61 SEM, n ¼ 10 embryos; Mann-Whitney U, P ¼ 0:0028) and to 66% for L1.2 ( Fig. 4G ; DN-CLIM: 14.3^1.65 SEM cells per embryo, n ¼ 8 embryos; wild type: 21.4^0.81 SEM, n ¼ 5 embryos; Mann-Whitney U, P ¼ 0:0098).
The number of Rohon-Beard neurons expressing F3 mRNA was similarly strongly reduced to 34% in DN-CLIM-injected embryos (Fig. 4C, D 13.4^1.15 SEM, n ¼ 7 embryos; Mann-Whitney U, P ¼ 0:1). It has to be noted that the reduction of F3 mRNA in trigeminal and Rohon-Beard neurons was not due to a loss of cells. This is indicated by previous tubulin-labeling studies in which both types of neurons were clearly present in DN-CLIM-injected embryos (Becker et al., 2002) and by the persisting presence of Rohon-Beard neurons labeled for L1.1 mRNA observed in this study. Interestingly, even though the number of L1.2 mRNAexpressing Rohon-Beard neurons was not reduced in DN-D. Gimnopoulos et al. / Mechanisms of Development 119S (2002) S135-S141 S137 CLIM-injected embryos compared to wild-type embryos, the number of L1.2 mRNA-positive Rohon-Beard neurons was generally lower than the number of cells expressing F3 or L1.1 mRNAs in wild-type embryos. This reflects the fact that L1.2 mRNA labels only a subset of Rohon-Beard neurons (Tongiorgi et al., 1995) . The low labeling intensity in other F3 mRNA expressing areas was difficult to quantify but appeared mostly unaffected by DN-CLIM injections, e.g. compare expression in the trunk motor neurons at the ventral edge of the spinal cord between L1.1 and L1.2 in the trigeminal ganglion may depend on normal function of CLIM cofactors, or other cofactors normally binding the LIM domain (Bach et al., 1999; Howard and Maurer, 2000) . These cofactors probably act through LIM-domain transcription factors, also present in these neurons, either directly or indirectly to induce the expression of F3. It is noteworthy in this context that CLIM cofactors also interact with several other transcription factors and non-transcription factor proteins (Bach et al., 1997 (Bach et al., , 1999 Torigoi et al., 2000) . It is tempting to speculate that the loss of peripheral axons observed after injection of DN-CLIM is in part due to the absence of F3. Unfortunately, our attempts to perturb axon growth in zebrafish by reducing F3 protein expression using antisense morpholino injections (Nasevicius and Ekker, 2000) have not been successful so far. In Xenopus embryos, F3 has been reported to be essential for the outgrowth of primary sensory axons (Fujita et al., 2000) . The down-regulation of F3 in neurons that lose peripheral axons after DN-CLIM injections together with the tight correlation of the spatiotemporal expression pattern of F3 with axonal differentiation suggests that F3 may be an important factor for axon outgrowth in a subset of early embryonic neurons in zebrafish.
Materials and methods

Animals
Zebrafish embryos were raised according to standard procedures (Westerfield, 1989) and staged in hpf according to Kimmel et al. (1995) .
Cloning and sequence analysis
Searching the EST database (http://zfish.wustl.edu) using Basic Local Alignment Search Tool (BLAST; Altschul et al., 1990) , we identified clone fj64d10.y1 with high homology to F3 from other species. We obtained the clone from the German Resource Center/Primary database (RZPD, Berlin, Germany) and confirmed its sequence. The EST clone contained the 3 0 end of the gene. The full length coding sequence was completed by a 5 0 RACE using the FirstChoice RLM-RACE kit (Ambion, Austin, TX). The full length gene was isolated from cDNA, prepared from adult brain RNA by performing PCR using gene-specific primers (5 0 -ATGATTCCAGAGGCCTTCCA-3 0 , 5 0 -TCAGAGCATCAGAGTCCAGA-3 0 ). Immunoglobulinlike and fibronectin type III-like repeats were predicted using the Pfam HMM database (Bateman et al., 2000) . The N-terminal signal peptide and the GPI-anchor site were identified using the DGPI site of Buloz and Kronegg (http://129.194.186 .123/GPI-anchor).
Injection of mRNAs
The DN-CLIM construct (Bach et al., 1997 (Bach et al., , 1999 and its specific activity in zebrafish in vivo (Becker et al., 2002) has been described. Briefly, approximately 2 nl of 100-250 ng/ ml mRNA was injected into fertilized eggs. The successful expression of the transcript had previously been demonstrated by immunodetection of a myc-tag. Here, effective expression of the DN-CLIM construct was confirmed by the loss of eyes at 24 hpf, which did not happen in embryos injected with a control mRNA (Becker et al., 2002) .
In situ hybridization
Digoxigenin-labeled cRNA probes were prepared from the EST-clone using the SP6 MEGAScript Kite (Ambion) and in situ hybridizations on wild-type and DN-CLIMinjected whole-mount embryos at 24 hpf were carried out according to standard protocols as previously described (Tongiorgi et al., 1995) . F3 sense probes used as negative controls did not show any labeling. In some experiments, in situ hybridization was followed by immunohistochemistry for tubulin as described in Becker et al., 2001 .
Quantification of mRNA expressing cells
Neurons in the trigeminal ganglion expressing F3, L1.1 or L1.2 mRNA were counted only on the upper side of the laterally mounted embryos, since ganglia on the lower side of the embryos were often obscured by overlaying tissue. Cell numbers were expressed as mean number of cells per ganglion. Rohon-Beard neurons were counted bilaterally in the four trunk segments caudal to the yolk extension, where the embryos are thin enough to allow counting on both sides, and expressed as mean number of cells for these four segments.
